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l?IELD Oil’PLOW ABOUT A JET AND X?F’ECT OF JETS ON

ST& ILITY OF ~T-PR(?PELLED AIRPLANES

By Herbert S. Ribner

suHhMRY

The flow inclination induced outside cold m“d hot
propulsive jets by the turbulent spreading has been
derived. Certain simplifying asmmpticns were omplbyed
and the reg~on near the criflce was not tre~ted. The
effect of jet temperature on the flow inclination was
found to be small when the thrust coefficient is used as
the crlterlon for similitude.. The deflectim of a jet
due to angle of attack has been derived and found to be
appreciable but small for normal flight conditions with
small nozmel accelerations. The average jet-induced
downwash over a teil plane has been obtained in terms of
the geometry of the jet-tail configuration. These results
have been applied to the estim&ticn of’the effect of the
jets on the static lonSltudinal stability and trim of
jet-propeiled airplanes.

INTRPI?UC’I’IC!N

A jet, as it spreads by turbulent mixing, is known
to entrain outside air in the mixing zone. Air is thus
drawn into the jet and the external flow is caused to
inoline toward the jet axis. If the jet passes near the
tail surfaces of jet-propelled C.ir:ilanes,the jet-induced
flow deviation will affect the stability and tr~. This
flow deviation and J.tseffects on static lmgltudinal
stability we herein investigated theGreticallT for both—
cold and-hGt jets.

.

Th9 present Investigation was well advanced when a
British report by Squire and Trouncer on the cold jet
(reference 1) became available in this country. The
considerable rigor of the &~tLSh analysis was found to

.
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be impaired by the use of an idealized cosine yeloclty
distribution in the jet, which produces errors as great
as 11 percent. Also, the original version of the present
analysis was found to be oversimplified in one respect, -
which resulted in comparable errors in the opposite
direction. In the present revised treatment, most of
the advantages of simplification are retained, but the
basic analysis of reference 1 Is ased to establish the
value of’a constant. The approximate treatment given
herein permits the representation of the jet-induced
stream deviation by a single curve. A comparison of the
present analysis for the cold jet with that of Squire
and Trouncer is given In appendix A. Reference 1 does
n~t treat the hot jet.

The first part of the present paper Is concerned.
with the analysis of the “flow Inclination induced nutside
cold and hot jets and the jet deflection due to angle of
attack. The last part is concerned wltk applications to
the computation of’the effects of the jet on longitudinal
stability anu trim. The computational procedure Is out-
lined in detail in the numarical example (tables I to 111)
so that little reference to tr.etext is necessary.

S3!EB!)LS

(For dim?rwatic representation of some of the swnbals

-1r

T

?

CJ

Jr

u

u

refe&ing to jeti, see fig. 1.)
.

thrust

&bsolute stream temper&ture, degrees

stream density

ratio of local Jet density to stream density

stremn veloclty

increment of jet velocity ever stream velocity at
point (x,r)

increment cf jet velocity over stream velocity at
point x on jet axis

.— .. .— —
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. ......’....i.n~~emept.of,j,et,,temperature over stream tt3mpera-
ture at”””point‘(x,r), de~ees- ...... . .:.

tm increment of jet temperature over stream tempera-
ture at poznt x on jet axis

T (+)jet-temperature coefficient ~ ~ ,
.“

x axial distance from paint at which jet, in accord-
ante with law of spreading that holds at sub-
stantial distances from orl~ioe, would have
zero cross section

r radial distance from jet axis

R radius of jet

.

/

nPv2112,/212

m =R
F

boundary at secti.an x

r

2
/fiI1 12

=R STO !

/ /

nPV%12/212 Tr112/12
C=’x = x ——

F STC !

T= 1 ()Fthrust coefficient —
$pv%

s wing area

11, 12 const&nts of velocity profile; defined In text.-

ll’J Iltts 12’D -d so f’01’th functions of T and U\V;
defined in text

k jet-spreading parameter (taken as 0.240)

0, f jet-spreading parameter (taken as 3.3)

K constant (taken Qs O.~1).

$ stream function

“1

A % — ..- -—.. .—..- .. ..-



. . . .

“4 ..

c

F

e

a

ae

A

bt

d

z

cm

c

2

it

6e

%

b b
r.. ●

-- H.AcA ACR NOO L6C15

jet-induced Inclination of flow toward jet axis;
with sl~bscript w, wing downwash averaged
between jet orifice and horizontal tail

mean jet-induced downwash &-.sl~over hori”mnbl tail

local Inclination of jet axis to general flow

angle of attack

angle of attack
flow between

of thrust axis

of thrust axis

c)

elatlve to average
jet and tail a - Cw

area of jet orifice

span of horizontal tall

lateral distance of jet axis from center of hori-
zontal tail

distsnce of thrust axis below center of gravity

airplane pitching-moment coefficient

(

Fltching moment

$PV%c )

wing chord

distance of nacelle inlet ahead of center of
gravity;.measured parallel to thrust axis

airplsne lift coefficient

()

Lift ; power cn

unless subscripted
J@?+

incidence of horizontal tail, degrees

elevator angle, degrees; positive downward

elevator hinge-moment coefficient

.(

Hinge moment-.—

h~ x Elevator spm x (Elevator chord)
2
)

J. . . rk
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%
distante of neutral point behind leading-edge mean

aerodynamic chord as fraction qf mean aero-
dynamic chord .

A%
,. .-.

shift of neutral point due to power; positive in
forward direction

Subscripts:

J

T

E

1

2

nac

o

fixed

free

I:

measured at jet orifice

due to

due to

due to

dus CC

due to

thrust force

jet-induced

single jet

two jets

flow inclination

nacelle normal f’orco

measured at zero thrust; defined as power-off
condition

stick ftied

stick free

ASSUMPTIONS

I The basic assumptions for the cold jet are the same
as those for Prandtl?s approximate treatment of the

n spread of turbulence (reference 2, pp. 163-165). The
flow studied is incompressible but the results are.con-
sidered closely “applicable to all subsonic jets and
approximately applicable to supersmic jets. The
starting paint for the present paper is a corollary of

il.— ... — . . ..-— ----
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the assumptions of rsference 2, derived In appendix B in
the form of an approximate differential equation for the
spreading of a jet in a moving fluid. In reference 1
the spreading of the jet is obtained in a rigorous manner
from first principles. It is shown in appendix B thdt
by a suitable choice of a comtant i’ the values of’the
two expressions can be made to ~~ree very closely. !?lle
constant has been so (Xiosen in the present anal~sis.

Velocity components parallel to tke jet axis ~ilciuced
b~ the jet in the external flow are onitted in the
anal~ is. ~iS on~ssion effects a considerable s~pli-
f’i.cationin tliatit I?erriiitsre~rezentsttim of the field
“of floi~ outside t’heJGt by a Slrq;le curve in a graph.
AS is pointed out in rei’erence 1, lmglect o: tl!einduced
axial ilow implies that ‘l...the radial. flou at each
section of the jet [is] independent of the flow in other
sections : this is a2~xaoxinately true vcmy close to the .
boundary of the v.ixiil~region but is quite invalid at
large distances from.the jat axis. !?-??0actual flow ol.lt-
side the jet can be re{{erded as ciosely equivalent to
that produced by a systex of sinks alo~ tho jet axis,
of strength sufficient to secure the proper inflow at
tke ed~e or the jet...[’[.The results co.mymtedwith this ‘
approximation are therefore restricted in a~~ylicability
to the general vicinity of tl:ejet. The rc~icn is more
precisely defined subsequently in the present paper.

For the hot jet tho assum~>tZon Gf incmnyessibility #
is abandoned for 11OW inside the jet bLub is i’etainedfor
flow outs~de tilejet. Ike perfsct-~as law is applied,
with the temperatuizeelevation at any point in the jet
assumed to be proportional to the difference between the
local jet velocity and the stresn velocity. Such a .

---- —-
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Ii’emperature,distributionIs known to follow from the-. “momentum-transfer thaory.when..the,.tempqraturedifferences
are so small that density changes and heat transfb’rby
radiation may be ~neglected. This prlnclple will be
applied herein without restriction to small temperature
differences and without regard for the divergence from
experiment. (See fig. 2-:)“”“Bqcatie Of these simplifying
assumptions the analysis of the hot. jet can hardly be
valid quantitatively. The analysis should be vd.ld
qualitatively to the extent of establishing whether the
effect of temperature on the jet-induced flow inclina-
tion is large or mall. -,

. ANALYSIS

Cold Jet Parallel to Stream

Velocity in jet.- If all the fluid of the jet is
taken locally from the stream, momentum considerations
show thtitthe thrust equals tiiemass flow per second
through any element multiplied by the excess of the
jet velocity ovor the stream velocity at the element
integrated over the cross section of the jet; that is
(see fig. 1(a) fOr notation),

sH
F=p (v + U)u 2nr dr

0.

= ( )2TrR2PU VIl + U12

or

wherei.

(!)2 +5JL- F
v

=
12 V

o
2np# 12R2

(1)

A.-4 .- —.- - —-- . — .-..—- .— - ———-
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If any of the fluid of the jet is not taken from the
stream, the thrust F in equation (1) must be replaced
by (F - Flight velocity x Added mass per second). The
added mass per secoridcontributed by the”fuel is negli-
gible for air-breathing jet motors. For rockets the
added mass per second equals the thrust divided by the
jet-nozzle velocity. Aspirator-type jets 11s between
the two categories.

Equation (1) may be solved for the ratio of’the
peak jet additional velocity U to the stream velocity
In the form

;=+(i+G=-J i)
where

~. J=m2
F-

//flI12 12
=R\,

~ STC f

and iQ a nondimensional parameter.

Spreading of jet.- By extension of Prandtl~s
quali~ (see reference 2, pp. 163-165)it
1s shown in appendix B that

.

dR=

Ch

k

l+f;
(B2)

where k and f are ccnstants that are determined in

,

v,

.-

,. .

\-

.

/

appendixes A and B, respectively. By use or equation (2),“ “
equation (B2) may be ‘written

~“

---. -— .- - .. . ... .. . ,.m- , .
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When the new variable

r=.!542. ST= f

1s introduced

\

and upon Integration

-. +(*)p + (.2 + 1)3/2 - j = ,,

9

(3)

(4)

,. Equation (4) provides the law of spreading for the
jet since R - fl and x . ~; the thrust F is con-
tained in both q and ~. Near the origin, where the
jet additional velocity U 1s large in comparison with

, ‘“thestream velocity V, q is small in cemparlson with
unity and equaticn (4) is approximately

v= E -

. . or .

R =kx

,

L’.--- ------- .—...—. ..__. .,__ —.
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Thus, ne= the origin of’the jet, the spreading is
approximately line- with the axial distance x. Far
from the origin, where the jet additional velocity is
small i.ncomparison with.the streanlvelocity, q Is
large in conpazzlson with unity”-and equation (4.)is
approximately

,

Oi’

.

R3 = Constant x x

That is, fan from the orig~n the jet s~reads as the one-
third power of the axial disthnco x. Sc~iefurther cora-
rmr,ts on the spreadi% of a jet are made In appendix B.

For the velocit~ profile (fig. 2), experimentally
found i’or a jet in a s;ill fluid, o.o~ql

11 ‘~ ~vil].be~$!eft12 = 0.04.L95. Sor gr9ater generality -
undetermined for the present. With these values of 11
and 12, equ~tion (4.)has been used to prepore figure 3,

wl~ich ab.o~:sthe v<riabion of Tt/$F” with lrx/@o
Equatior- (4.)has d-so been used ‘withequation (2j to

pl’ovido the vmiation of U/v with lm/#~ sk.ot.min ,)

figure 1;, t.
The ~O~iit ori~~in of’tlheidsalized jet of the present

trealiment,YM.ch is t~:tiorii~i~~of the coordinate x, is
locetec! a distance

‘j
upstre&:i cf t.~eorifice of the

actual Jet. (See figm 10 ) Tlievalue Or ‘j
vazzies

:{ith Tc 1 but an aver~e value is 2.5 crif~ce diameters.
1.Iorep~-eC,;So va~.lescan be obtained from fi~ure ~ with R
ii~terpreted as the orifice radius

‘j”

Plow inclination. - The ccndition of continuity may————- .—
be expressed by f’or~ililw:the strsan function

. . .. . . . . ___-l
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Outside the jet this

w

= s‘(u+ V)rdr
c1

expression is approximately

A c

if the small values of u induced by
external flaw are ignored. The angle
external.flow inclines toward the jet

1 small angles,

c =lav.—
rV ~x

11

(5)

* jet in the
at which the
axis is then, for

=

[ 1 (6)
5R2g 2UZ+ *

r R

The use of rI and ~ in place of
$

and X,
respectively, (with raZios of the fqrm x g permitted,
however) serves to eliminate the thrust as a separate
paraeter. When this change @ made in equation (6)

if xfls is written for its equal R/~. Then by the use
of equations (2) to (4) thsre results finally

kI~2 X
E

(~- - .)2
= ——

212 r~

+(~)T(J$~l +;? &*l ‘7)
t,

in rsdlans, wheme ~ is related to the independent
- variable g by equation (4)., h ‘-t+’ “~y~a-. tion, accurate to within 1 percent for q = 0.1 ,

.
-- . .. --

. .
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(7a)

If q Is expressed in terms of ~“2, the flow-
incllnation relation (7) Is of the form

b .

~Tc f
c = Constant x * x Function of —

X2

Within the llmtts of application of e~ation (7) the
flow inclination cutside the jet thus is inversely pro-
portional to the radial distance r from the jet axis.
Equation (7) can be conv:;i:ntly represented by the

vartation of ZE with ~. Me values of the con-
X X2

stants k, f, II~ and 12 therein are determined in

.

appendixes A and ~ as O.*O, 3.3, 0.0991,. and 0.01+895,
respectively, for the velocity profile of~.$i~e 2. ‘For

these values the variation of #C with -~ is given
A

in.figure 5. This si le curve
—+

provide~ all the nece~-
sary information on_the low inclination. A typic%
flow pattern is shown in figare 6.

The flow-inclination relation (7) and%figure 5,
which is computed from it, are lmited In appllcatim
to points reasonabl~ near the jet but well away from the ,
orifice. The first limitation results from the neglect
in the computation of the stream function of values of
axial velocity induced b~ the jet in ths external flow.
The second limitation results from the neglect of the z .
transltian region between the orifice of the jet and the
region of simil= velocity profiles-. The charts of .
reference 1, in which tineseomissions-were not made, show o

that the 1~=variation of equation (7) holds, in general, ‘

to *5 percent within twice the jet radius at distences
greater than 8 orifice diameters downstream of the orifice. ●

This accuracy should be sufficient for the usual relative
positions of the jet and the horizontal tail fer wlng-
mounted jet motors. #

--- .- - - - -. - y.--.~e.-. ; . . ...-.# ......... .,:r - ,., .. .: ;..+.. -. .%:.. ------,:-..... . .....=. . . ——-. -.-—- -. - -
. .. .... .. . . . ..”-.. .;..- ..”. . . . . .
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r“
.-=.The .f,oregolngremsrks may be interpreted from another..... .

.
point of view. Th~”””d~’&&te&’”~f-”thejet orl.f-icemeS-nOt
appear In the equations of the flow analysis, but it has
been ascertained that these equations are applicable, in
general, for distances greater than 8 erlfice diameters
downstream of the orifice. The downwash induced at the
horizontal tail .by wing jets at.a given thrust may thpre-
fore be cancluded to be almost independent of the size
of the jet orifice up tG a diaiueter about one-eighth the
distance to the horizontal tail.

\
For very high ratloq of the jet velocity to the

stream velocity
(!> s“), “v

is very small, and equa-

tions (7) and (7a)-become approximately

(7b)

where the assumption that ~ is small is dropped. Such
conditions may occur with rackets at take-aff and at l~w
speeds. For rockets the mass flew from the nozzle is
not taken from the stream and, as has been stated, the
coefficient T I

!
must be multiplied by one minus the

ratio of the s ream veloctty to the jet exit velocity
for use in the formulas. Rocket jets are ordinarily
supersonic near the nozzle and the equati~ns are not
strictly applicable.

Hot Jet Parallel to Stream

Velocity In jet.- The loc~ air density in the hot
jet will be some vbriable fraction a of the density in
the free stream. For the present purpose tinetemperature
elevation at any point in the jet will be assumed to be

. proportional to the difference between the local jet
velocity and the stream velocity (see section of present
paper entitled ‘l.Assumptionslt);that is,

t.=T+
T

i ..—-.. ...—.- . . . . . . . .
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where
By the

T i3 a constant. (See fig. l(b) for notation. )
perfect-gas law then o

Tcr=—
T+t

1
A.

=

-.. TJ

1+Tn7

(3)

With the incrrp%ration of the density f’act.or G,
the equaticns for the cdd jet will.be modified to apply
tn the heated jet. The mmentum equ&tion will take the
form

pY2+3.H- F = o
TJ/ 12! V 2nP$121R2

where

121

(9)

Comparison of 11I and 121 with the correspmdlng
quantities for the cold jet, 11 ‘d 12 (equation (l)),
9uggests the follawing approximations:
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(10)

where K is a constant to be detemined by substituting
values computed by the exact equatians in the second of
equations (10). An average value over the range of

greatest interest, ogT!zg 1.2, lSK= 0.31 for the

experimental velecity pro!ile of figure 2. Equation (9)
can now be expressed in the soluble form

from which

u 11/217-= (11)

‘7’? -K~+~~-K.)2+#

.—

where q is the functlan of R and Tc~ defined under
equation (2).

The jat-temperature coefficient T may be determi~il
from the follawlng considerations if the temperature at
the jet orifice Is known. Equation (9) as applied to
conditims at the jet orifice (designated by subscript j),
across which the velocity will be assumed uniform, takes
the form

b ... .—.-——— -— -— —- .—— —
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By applic.atlm of its definitiimn at the orifice, tl.e
temperature coefficient As

(12)

Spreading of jet.- It is s.hwn In appendix B that—....—

~
=— (=)

fv
1+7

Substitution of equatim (11) in equation (B2) gives

The omission of q4 in the radical conside,?ably

fies the integration and yields littls error for
Yiith this omission the Integral is

simpli-

qz << 1.

(13 )
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where
-.-... -H,,.,,,.,..... .- -.,.............. .,..~T_.... ., . ...

“=&=

Equation (13) provides the approximate law of
spreading for the hot jet, since R - ~ and x - &

The variation of R/. with kxlfi for a typical

hot jet (T = O“.i~) is shown with the curve for the
cold jet (T = O) in figure 3. The variation of U/V

with bL/! for T = 0.15, ,abtai.nedby use of equa-

tion (13) with equation (11), is given in figure 4 along
with the curve for the cold jet (T = O).

Flow incllnation.- The stream function for the hot
jet ia

sr
w= O(U + V)r &

0.

Cmtslde the jet the expression is approximately

[

r2~=VR2@ 3)1-I?+T
where

J
1 rdr

1 if%-=--
2 Uu0 l+ T--

Uv

(14)
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if the small values of u induced by the jet in the “
external flow are Ignored. The jet-induced streq
deviation is then, for sm~ll angles,.

The introduction of q and ~ in place of R
and X, respectively, (with ratios of the form X/c
permitted, however) eliminates the thrust as a separate

“ parameter. With this change

where x/~ has been substituted I’or its equal R/q .

According to the original assumption that the shape
of the velocity profile is the same for all sections,
the ratio u/U depends enly on r/R and Is independent
of R or ~. Therefore

) (16)

where
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Also, by differentiation of equation (11),

The
then yiel
at which

incorporation of equations (16) in equation (15)
.ds the following final ex~ression for the angle
the flow inclines toward the axis of the hot

jet:

in radians. All of the variables in the equation except
x and r are ultimately funotions of ~ and T along;
the I~s and d~& are

!?
iven in terms of U/V and T

in equations (9), (14), (1 ), and ‘(B2),and U/V,
d(U/V)/dq~ and ~ are given in terms of q and T in
equations (11), (17), and (13)2respectively.

If q“ is expressed in terms of ~
-2

T by
means of equation (13), the flow-inclinationa~elatlon (@
is of the form

~

1 ... ..- -.. . ... . . . - ..—---- -.—. _
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c = Constant x ~ x“Function of
()

ST!”
~; T

X2

As is the case for the cold jet, the Ilow inclination
outside the jet is thus inversely proportional to the
radial distance r. The effect of the jet temperature
is detemlned by the jet-temperature coefficient 7.

Equation (1~) for the flofl deviation about the hot
jet has been evaluated for the single value T = 0.15.

STC t
The curve of $C against — is sh~wn in figure 5,

X2
where c is measured in degrees, along with the curve
for the cold jet (T = 0).

Similitude of’Hot and Cold Jets with

Applications to Milnd-Tunnel Tests

A typical value of the temperature coefficient in
a propulsive jet is T = 0.15 at maximum fl@ht Tct.

From the curves of figure 5, therefore, the effect ~f
temperature on the jet-induced flow inclination can be
seen to be sr.all,provided the comparison is made at the
same thrust coefficient Tc?. The thrust coefficient is
thus a suitable criterion for the similitude of the flow
fields about hot and oold jets of the type for which all
the flow from the exit is supplied from the Inlet. (For
a constant throttle setting the coefficient T increases
asT~ decreases, but this variation does not invali-
date ~he conclusion. )

Because of the reduced density the hot jet from a
typical thermal j9t motor will have of the order of
twice the exit velocity of’a cold jet that develops the
same thrust from the same size orifice, if”all the flow
from the”exit is supplied from the inlet. The mass flow
of the hot jet, however, will be of the order of one-
half that of the cold jet. For model testing with a
cold jet the mass flow Into the nacelle inlet that would
occur with a hot jet should be simulated In order to
simulate the proper flow about the nacelle., The mass
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%.9-. flow in,the cold jet can be made equal.to that in the hot
jet ““~’reductng the’“c$rlficeof the cold jet to.such,,a
size thct the product cf a~r density and orifice area is “’
the same for both jets. In wind-tunnel tests at the
Ames Asronmzti.cal Laboratory of-the NACA (unpublished)
the scale-size orifice of the cold-jst model was restricted
to an an.nulusby means of a faired plug.

If some of the fiuid of the cold jet is supplied
from a source other than the iid.etof the nacelle, as in
the case of an aspirator jet, the mass flow Into the
inlet is less than the mass flow from the exit, ~d the
foregoing rel&tions do not apply. In this case simula-
tion of the proper mass flow into the inlet is possible
without reatiction of the size of the exit ~rom the scale
value. With an aspirator jet, however, the jet-induced
flow inclination at a @ven thrust iyillbe too small for
the reasons e~lained in the analysis of the cold jet.
(See section entitled ..ilcold Jgt pE&~l19~ to Strem.” )

Effect of Inclination of Jet Axis

General remarks.- The effect of inclinatim of the
jet axis to the C;eneralflow r-lustbe considered in
6stimt~t3.onsof the jot-induced ilownwash at the tail
F1ane . If the jet behaved like a riflidbody the incli-
nation would give rise to an i~-terference similar to
that between the fuselage &nd the horizontal tail.
Vertically above the jet there would be a slight down-
wash, and on ei’ter side, a slight upwash. Averaged
across the tail, the net effect would be negligible.

The jet actually approximate a ri~ld body in that
it tends to maintain its shape end direction in spite of
any inclination to,the main flow. There Is an appre-
ciable progressive deviation, however, fro~ the initial.
direction toward the stream direction that can be obtained
from momentum considerations. This deflection alters
the distance between the jet and the horizontal tail,
and therefore the jet-lnciuced downwash.

Determination of jet deflection.- Let e bethe
local inclination of the jet axis to the general flow,
and let ~ be th~ inclination of the thrust axis. On
the basis of momentum considerations, the following
approximate relation for the fractional an@iLar deviation
of the jet is derived In appendix C:
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2 + 11 + 6KT~, V

1-~=
‘0

(
“;l)$+ 12(92

2 + 211 + 472

(C3)

The vari~tion of 1 - ~ with ~/@~, for the cold

jet (T = O) and the h=t jet (T = 0.15) is given in
figure 7. The eff~ct of jet temperature is seen to be
negligible.

The change due to jet deflection in the radial
distance r from the jet axis to tt.ehorizontal tail
iS ~:1.V~ll by

(19)

where x - x“
J

is the distance frofi

horizontal tail and
k - 5).. ‘s

l-~ between the jet orifice and
‘0

the horizontal tell r.inas the value
In this application the general flm in the-region of .
the jet Is affected by the wing downwash so the.t,in
st~aight fli&t,

the orifice to the

the average value of

the hinge line of

at the jet orifice.

‘0 = a - ‘w

in degrses, wkere a 1s the inciinatton of the thrust
axis to the free stream, and ~Vl is the downwash due to

th~ wing avera~ed over the length x - x+. In accel-

erated fli&ht the curvature of the fli~h~ path contributes
an additional increr%nt to CLe.

The jet deflection Ar is evaluat~d in table 111
of the numerical example, along With V&l?iOUS other

-. . --- - . .—.. .... . .. .. . . ....4
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-. . qu.anti.ties,.,~ndIS shown to be no more than 15 percent
of’ r. On the basis of-these “computations -the jet
deflection appears to be small for strsdght flight and
for flight with small normal accelerations. On the
other hand, the average snguler deviation of the jet is
an appreciable fraction of the angle of attack. The

(1’ )fractional an&ular deviation - & IS 0.24 or

greater for the several conditions or %e numerical
example. (See tables I to III. )

EFFECT OF JETS ON LONGITUDINAL STABILITY AND TRIM

Average Downwash over Tail Plane

.L

Consider a general point y along the span of the
horizontal tail, with y = G directly above the jet.
(See fig- SO ) Let the angle s~btended at the center of
the jet by the length y be The jet-induced flow
inclination has been shown to b: inversely proportional
to the radial distance from the jet axis; therefore, If
the inclination at y = O is E, the inclination at y
is E Cos 0. !l%edownwash at y is the component of
this normal to the tail plane c c0s2e. The unweighte’d
mean downwash angle over the tail plane is therefore

bt

f

d+~

~ c0s2e dy
bt.-d+~

r=

I

d+b~

dy
bt

c-d+—
2

bt

J

yyd+T

cr de
bt

~-d+z
=

bt

L ..——- .—
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or.

( )..++. d+%
-1 -1

$=b~ ‘m
—+ta — (20) ,

r r
I

Li.fting-llne theory sug~ests that an average .

weighted according to the chord would provide the most
accurate values of tail lift. An unwei@.htsd average
over, say, 0.9 of the tail span would appear to approxi-
mate this condition. The curves of figure s, &ccordir@v,
have been prepared from equation (20) with 0.9bt sub-
stituted for bt . The curves give the variation of
Z-/c with r/bt W.d 2d/bt whei”e ~ is now the effec-
tive mean jet-induced downwash acrcs~ the tail plane,
E is the flew inclination at a radius r from the jet,
and r/bt and 2d/bt locate the jet axis relative to
the tail plsne, as simwn in figl.we 3. The curves apply
to a single jet, a~d the dmnwash is additive for several
jets. .

Pitchhg-Moment Increments Due to Jet C?peration .

General consideratians.- At a given angle ef attack,..——
operation of the jet motors will, In general, change both
the pitching moment and the lift coefi’icient. Confusion
will be avoided if the changes in pitching mcment and
lift coefficient are initially obtain~d as functions ~f
the power-off’ (zero thrust) lift coefficient CLOs which

is a known function of angle of attack, The several
pitching-moment increments due to jet cperation are dis-
cussed in tk.efollowing paragraphs. Each increment is
to be regazzded as a function of CLO . The increments ar~

given for a single jet and are to b; multiplied by the
n~~bsr of jets.

Pitching moment contributed by direct thrust.- If
the thrust axis of the jet passes a distance z below
the center of zravlty the thrust will contribute an
incremental pi;Cliing-
for’n,

moment, ‘which is in coefficient
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The thrust d@fflcient Tc? ordinarily will be known as
a function of the power-on lclf’tcoefficient CL. In
order to obtain Tc~ as a function of the power-off
lift coefficient CLOS use can be made

relation between cLO and a tggethei

CL - c~o= UTCI

of the known

with the relation

where CL ~d CLO are measured at “the same angle of

attack a and a is taken in radian measure. A ‘tcut-
and-try[’procedure ma~ be used and a curve of CL
agalnat CLO can be obtained at th”esame time.

Pitchlilgmoment contributed by jet-induced downwash.-
It has been shown th t a jet Induces outside itself
axially s~etric fl~w field.”

an
The Inclination c (meas-

ured in degrees) relative to the thrust axis at the
point (x,r) (see figs. 1 and 8) for a given thrust
coefficient Tel, can be dete~mined from figure 5. A
small deflection Ar experienced by the jet when inclined
to the general stream can be determined from equation (19)
and figure 7 and used to correct r and then C. The
ratio of the value of average downwash over the horizontal
tail ~ to the value of c is given in figure 8 as a
function of the geometry of the jet-tail configuration.

The pitcking-moment coefficient contributed per jet
by the.jet-induced downwash is then, for the stick fixed,

dCm
“mc =- —Tl

f’ixed dit
(21)

If the stick l’sfree and if th~ jet unit is mounted
under the wing so that thq horiz-ontal tail is wellqway
from the orifice, expression (21) becomes
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(dCm dCm Cha

)

— rl
‘-~cha- dit

(22)

If the orifice is near the horizontal tail, as when
the jet issues from the rear end of the fuselage, the
horizcmtal tail will be in a region of curved flow. If
the value of Cho is negative, the elevator will tend

to float downw=d to conform ta the curvature. This
downfloating tendency will &dd a stabilizing or negative
amount to the value of the stick-frse pitching-moment
increment given by equation (22). The chang could be
substantial for a closely balanced elevator

)
?%5

near

zero ; the magnitude of the char!gs~::illdepend on the
type of balance. In addition, tinehinge-moment charac-
teristics might be modified by an effect of the jet on
the boundary layer of the elevator.

The charts of the present pe.per (figs. 3, 4, j,
and 7) are not valid within a distance of apprextiately
8 orifice dismeterp downstream of the orifice, and ref-
erence 1 should be”consulted for the f~Low in this region.
Zquation (2i) for the stick-fixed pitching-.mow.entincre-
ment”will be approxirlately,valid prov~d6d c is evalu-
ated at the three-quarter-chord line of the “horizontal
tail.

Pitching moment contributed by nacelle normal force.-
The air taken”in at the nacelle inlet-is turned through
an angle (the angle of attack of the thrust axis) M
becoming alined with the jet axis. This turning of the
air gives rise to a centrifugal .l?orceacting upward at
the inlet. !Cheforce, which “is”negliglble compared witlz
the wing lift, equals the mass f’lowper second through I
the nacelle multiplied by the stream velocity and tie
sine of ths local angle of attack. Tne contribution to
the airpl~ne pitching-moment coefficient 1s .

. . (Mass/sSc) L sin (a - c)
A~mac = (25)

$Qv~c

“. -. - .——.. . - . , -, - , ,- ,-, - , ., ,.,- -m ,,- , ,



. . ————

where t. is the lever arm frbm the inlet of the nacelle
to the center of gravity of’the airplane and -e i& the.-, .
upwash iridu’ce””d““bythe’wing--at-the nacelle .inlet,= The
upwash -c can be estimated from figure 5 of reference ~.
This upwash is large only when z/c in equation (23) is
small, and its neglect therefore introduces small error
in the moment.

Pitching moment contributed by boundary-layer.....—
removal.- The suction and “othereffects of the jet may
-t% remove some of the boundary layer on adjacent
surfaces. The pbessure distribution would be somewhet
altered. In some instances fiow separation may be inhib-
ited, which wauld result in rather large changes in
pressure distribution. In case flew separation on the
wing ~s suppressed, an increased ciownwashwill occur at
the tail with a consequent positive pitching-moment
increment. The determination of the moment changes due
to th9se several effects r.ust.be left to experiment.

Any change in the fuselage pltcliingmoment due to
boundary-layer removal with tall on may possibly be dif-
ferent from such a change with tall o~f because of the .
interference between the horizontal tail and the fuse-
1age. For this reason the comparison of’tests OF models
with tail @n and with tail fo~f’J%a~- net r.ecessarily yield
the part OF the pewcr-on pit.ckm~..-r.mmsntchange thet can
be attributed to the jet-inducsd dcvmwaek.

Neutral-Poirit Shif’tsIIdeto Fewer

The power-on curves of’ Cm against CL for various
elevator settings should be parallel like the power-off
c’urveso Tkm shift.in neutral paint dua to power is
therefore

()dCm -( )

d%
Anp =

q q
ower on power of’f

...

in units of the wing chord. The derivatives are evalu-
ated &t &ny convenient elevator setting for the stick-
flxed condition and at any convenient elevator tab
setting for the stick-free condition,

Ii . -—. —. . ..-.— —.- . .— -..— .
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From the earlier dl~oussian it follows that expres-
sions ef the form

or

dACm

*%=q

are not quite correot, where b% is the sum of the

several incremental moment coefficients of the preceding
paragraphs multiplied by the number of jet units, CLO
Is the power-off ll~t coefficient, and CL is the
pmwer-on lift coeff’iclent. Since CL * CLO 1s small,

however, either of the two equations is a gaod first
approximation. The exact neutral-point shift iS slightly
depende~it en the position of the power-off neutral point.

Numerical ~ample and Discussi~n

Specifications f’or& hypotket~cal airplane propelled
by twin wing-p:eunted jet mGtors me given in table I.
Detailed computations of’the effect of the jets on
longitudinal stability and trim are given In tables II
and III. Any moment resulting Jrom boundsry-layer
removal that may be caused by jGt action is not considere&
The comput~tions cover a range of lift coef’f’icientsand
both cold and hot jets. Ths mqre important facters cal-
cul&ted are the mean jet-induced downwash angle over the
horizontal t=il; the changes in.the pitching mement with
the stick fixed and with the st~cl(free due to this down-
wash, te tinedirect thrust moment, amd to the nacelle
normal force; and the corresponding shifts in the stick-
fixed &.ndstick-free neutr~i points.

Table II is a suggested short method of computation.
The method is approximate in that the effeet of jet
deflection due to angle of.attack is neglected, the
variable distance Xj i.staken as 4.6Rj, and the effect

. -. . . . . . . . .-. - —. --- . . . -——--- . --
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of temperature is neglected except in specifying the
mass flow per second through the nacelle. Table III,.-..
&t&es ”ths”’detailedcomputa.tion..m’ithout.the.s.eapproxi-
mations. The maximum influence of the variation-in xj

.....

on the jet-induced flow inclination is found to “be
1 percent. “ The maximum Influence of both Xj and incli-

nation of the jet axis on the mean jet-induced dow-nwash
Is found to be 7 percent. The jet def,lectlon does not
exceed 15 percent of’the distance from” the jet axis to
the horizontal tail. The close agreement between
tables 11 and III suggests that the detailed computation
of table 111 may be dispensed with In many oases.

Comparison with Experiment

The present method has been used to estimate the
stick-fixed pitching-moment Increments due to jet opera-

. tion for a twin-jet fighter-type airplane that has been
tested in the Langley full-scale tunnel. “Theunpublished
experimental values are compared witi~ the estimated values
in fi-mre 9. The flaps-neutral curves (fig. 9(a)) show
a discrepancy in trim, but good agreement in slope. The
flaps-deflected curves (fig. 9(b)) show gcod agreement in
both slope and trim up to a lift coefficient of 0.6, but
above CL = 0.6 the experimental curve diverges markedly
from the rather straight estimated curve. This diver-
gence is probably associated with some suppression by
jet ection of separ~ttion at the nacelle inlets that was
indicated by tuft studies carried out during the tests.
On the whole, the agreement between the estimated
pitching-moment increments due to jet operation and the
experimental increments appears to be sufficient for
design purposes. A number of further comparisons with
experiment will have to be made before the accuracy of
the method of estimation can be established.

CONCLUSIONS

An analysis has been made of the field of flaw
about a jet “and the effect of jets on the stability and
trim of’jet-propelled airplangs. The following conclu-
sions include an allowance for the llmitatlens of the”
slmplifylr~ assumptions employed:

..

-

— — — - . .— . .
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1. The jet-induced flow inclination varies very
nearly l.nversel.yas the radial distance from the jet axis b
within the region between the jet boundary and twtce the
radius of the jet boundary at distances greater than
8 orifice dtamet9rs downstream of the orifice.

2. The effect of’jet temperature on the jet-inducecl
flow incltnatlcn 1s small.when the thrust oo9fflclent Is
‘ised as the criterion for stiilitude~

3. The deflection of the jet due to anglo of attack
Is small for Straight flight ar~d.flight with small normal
acceleration. The angular daviatior, of the jet, however,
is an appreciable f’raction of the angle of attack.

k, The downwash induced at the horizontal tail.by .
wing jsts at a given thrust 2s alnost ludependent of the
size of the jet orlflce up ta & Wmeter about one-eighth
the distance to the horizontal. tail.

5. The radlua of a jet vi~rl~s almost llncurly vlth
axial distance near the oriftce and varies approxlmhteiy
as the one-third Dower of the axial distu~c~ very far
frm the oriftce.

6. The equations for jet-induoed flcm inclination
may be appllad approximately to rocket jets Lf the
thrvst coefficient is multiplied by mm minus the ratio
of straan valocity to $at-noKz?.s velocit~.

7. The influenc~ of wing jets on Iougi tudin~l sta-
billty cnd trim may be cstimattid ‘with sufficient accuracy
for dsslgr.ipurposus by an ~p~i70Xl~~at~method th~t naglects
thtieffects of jet defl~ction, size of the jet orifice,
jet-induced boundary-la-yer removal, and most of the
effects Gf jet temperature@

.

Lsu@ey Memorial Aeronautical Laboratory
Nst?.onal Advisory Committee for Aeronautics

Lan@ey Field, Va.
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COMPARISON WITH THE ANALYSIS OF SQJIRE AND TROUNCXR

The flow- lnclination charts”of Squire and Trouncer
(reference 1) differ from figure 5 of the present paper
by amounts from O to 11 percent when the flow is meas-
ured at the jet boundary 8 or mor~ orifice diameters
from the orifice. Figure 5 is believed to be more nearly
correct withfn its region”of application because of the
use of an experimental rather thfi an idealized velocity
distribution in the jet, although the treatmant is less
rigorous otherwise. ‘A detailed comparison of the
analyses follows.

Squire snd Trouncer present a relatively rigorous
treatment by the momentum-transi’er theory of the develop-

ment of a round jet In a general stream moving .parallel
to the Jet SXTS. Full consideration is given to the
region, approximately 8 orifice diameters in length, in
which transition occurs from the uniform velocity at the
jet orifice to the characteristic velocity distribution
of’the f’ully developed turbulent jet. The present
analysis ignores the transition region entirely. Use 1s
made of Squire and Trouncers analysis to correct the
value of a constant in an approximate equation for the
spreading of the jet. (See appenuix B.) The equation is
derived from the qualitative considerations of reference ~

In the analysis of reference 1 the values of axial ‘
velocity induced by the jet in the external flow are
first neglected in determining the streem function, as
has been done in the present analysis. Squire and
Trouncer, however, use the result to determine a system
of sinks along the jet axis from which the stream func-
tion (or, more accurately, its x-derivative) is reevalu-
ated. This procedure effectively restores the missing
axial-velocity increments. Examination of the computed
flow-inclination chart? of ‘reference 1 in conjunction

W in tables II to IV thereinwith the v“slues of —“
. C2aul ax

shows that this refineme~t is unnecessary within twice
the jet radius at points 8 or more orifice diameters
downstream of the orifice. This range should cover the

d —.— - — - — ..-.— —-.
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usual relative positions of the jet and the horizontal
tail for wing-mounted jet motors.

Determination of Jet-spreading Parsmeter k

The only questionable point in the analysls of
Squire and Trouncer is the use of’a cosine-velocity dis-
tribution for reasons of mathenmtlcal simplicity, rather
than the experimental velocity distribution that was
used in the present analysis. The general development
of the jet (from considerations of mass flaw) is affected
only slightly by a moderate chang~ in the velocity pro-
file. (See reference 1.) The determination of the
angular spreading of the boundary of the jet by means of
the ex:jerlmental data of reference 1, however, is quite
sensitive to the shape of the profile. . The determination
may be made as follows. A jet issuing from a small ori-”
flee in still air Is known to spread conically. According
to reference 1 the cone on which the velocity is equal
to one-half the velocity on the jet axis at the same
section has a semiangle of 5°. \Yith Squire and Trouncers
cosine-velocity profile therefore

G.5R = x tan ~“

R= 0.175X

or

k = 0.175 (Al)

With the experimental velocity Frofile of reference 3
used herein (fig. 2),

0.365R = x tan 5°

R s o.240X

k= 0.240 (A2)

This value is 37 percent more than the value for the
cosine profile.
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Effect @f Velocity Profile on F’lowInclinati,en
.. ...l.,=-... ,.. . ......

The flow Inclination &bout”the-jet 1’s“in turn-. .
dependent on th~ spreading of the jet. If q IS expressed

in.terms of ~-<, ,equation (7) is of the form

.

;
f12

11

L

(A3)

where k and f &e parameters for the spreading of
the jet, and 11 and 12 are integrals involving the

velocity profile. With Squire and Trouncer~s cosine
profile

k2112 = (o.175)2(Od41S6)2

12 0.0861

= o.oo7a5

f12 = (2.6) (0.0L361)

11 0.1)+86

= 1.506

With the experimental velocity profile (fig. 2 )
,

= 0.01156~

a ----——.—.-. ----- .- . .. . . .. -,, .,-_ ,-. .
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f 12_-= (3~3)(o,@895)

11. 0.0991

= 1.632

The difference In #112/12 is 32 percent of the value

for the experimental profile. This difference is large
enough to reduce the ordinates of figure 5 by from O to
11 percent; the reduction is almost linem with STc~/X2

up to a value of 7 percent at - = 0.8. With this

X2
reduction, figurs 5 is in substantial agreement, within
its range of applicability, with the charts of reference L
The use of a cosine-velocity distribution instead of the
more sharply peaked experimental distrilmtion thus ~esrs
to introduce errors up to 11 percent in the charts of
reference 1.

It is rather striking that the pronounced difference
between the cosine profile and the experimental veloclty
profile results In very llttle difference in the
parameter f12/11. Thus the only important uncertainty
in the calculations for the cold jet is the evaluation

of the spreading-profile parsmeter #112\12. This

uncertainty is not great, since 32 percent error in

@112/12 leads to errors
#

of from O tc 11 percent in the .

flow inclination.

These results imply that the calculated rate of
change of mass flow in the jet w~th axiel distance is
not critically dependent on tne velocity profile chosen.
Presumably Squire and Trouncer had this interpretation
In mind when they stated (reference 1) that the general
development uf the jet is little affected by a moderate
change in velocity profile.
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DIFFERENTIAL RELATION FOR SPREADING OF

WAKE IN MOVI!iGFLUID AND ESTABLISHMENT

CONSTANT f FROM E@ ATIONS (14)

AND (15) OF SQ.TIRE AND TROUNCER ..

Basic kl~lySiS

Consider a cross section of a round jet or wake for
which the velocity at the center is U. The particles
of fluid In the se’ctionmove downstream with an average
velocity $ + v. According to Prandtlts approximate

treatment of the spread of turbulence (reference 2,
pp. 163 to 165) the time rate of increase or the jet
radius is proportional to the velocit~ difference Iut
between the center of the jet and tlisedge. “The section
may thus be visualized as expanding radially with a
velocit~ propor”tionsl to Iul and moving

with a velocity Q + y. The slope of’the
2

this round jet or w~ko is therefore

downstream

boundary of

dR u—. =k+
dx ~+v

U+.2V
2

(al)

where k is a constant that is determined in appendix A
from experimental data. Equation .(B1) is also appli-
cable to a two-dimensional jet or wake if R is inter-
preted as the semiwidtk. .

Equation (Bl) leads to the known linear expansion
of the jet radius with axial distance for a round jet in
still air and to the known one-third power law for.the
wake of a body ●f revolution, The proofs, which are
simple, are omitted. It is of interest to note that a
hlglh-speed jet in moving air should show an approxi-
mately linear spreading near tha orii’ice,where the strean

‘.
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velocitv V is small in comparison
tional ;elocity U, and far-b&ck where U ii small in
comparison with V the expansion should foilow the one- -
third power law for the spreading of the wake of a body
of revolution.

The fore,golng malysls ccntairs an arbitrary eler.ent .

h the specification of Q + V as the effective average
2

velocity in the jet, A more generalized average velocity

U + v where ?would be ~ is a constant that depends

on the sha~e of the vel.ocltyprofile. Thus equation (B1 )
can be generalized %q ,.

(B2)

It will be shown that the equations ck reference 1,

derived on a more rigorous bssls, p~ov~.de sn expression
for dR/dx that approximates equation (B2) vsry closely
for a suitable value of f, and thus establish the cor-
rect value for f.

Determination of Jet-Spreading Paramster f

Xquations {U+) and (lb) of ref’srsnce 1 may be written,
in the notation of the ~resent paper, as

UR2(11V + 12U) - b3 = O

●

)
‘U{b V + b~U) + b51? = Oug(blv+b2u + R~(3

(B3)

(4)

respectively, where
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i ‘,”:.
1

.,
12 =

J()
U2rdr_ 00861
ti ET- “

.0

. . .
. .b2 ,(=’2J2. +Jl) =, 0.0476

. .

1

J“5 .“.

Jl =
urdr— = 0.0914 bz = J1’= 0-0914

oii~R

J

1
Z2

J2 =

o

r dr - 0.0695
0 6 ‘—-R“R

b~ = 2J2 - *J1 = 0.0933

The numerical values apply to the cosine -velocity dis-
tribution adopted by Squire and Trouncer. @he symbol c
in the equation for bq is used by Squire snd Trouncer

and is distinct from tfiewin
7

chord c of the present
report. ) Elimination of dU dx between equations (B3)
and (B4) @ves

(m)
~= -(211V + 212U) (b3V + bJU) ~ &V + 212U)@1V + b@)

If this equation is put into the form if equation (~)~
the-constants therein are

2
.

‘NC
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c1 ~!? +f =f-= (B6)
b4

For the values or ~ constants that apply to the coaine-
velocity prof’11~@ Squire and Trounoer (given under
equation (E&)), an awe%sge value for f is 2.6. With
this value the apprmttmate equation (B2) agrees with the
more exact equattola (*) within 1 percent over the range.

from Q = 1 to :=*.
v .

For the exper~ntal velooity profile that
herein (fig. 2) the constants are

●

11
= o.099g bl = 0.01514

12 = 0.04895 b2 = 0.01764

.
J1 = 0.0701 b3 = 0.0701

J2 = 0,0439 b~ = 0.0527

was used

.

Insertion of these values in equation (B6) gives an
average value of 3.3 for f. With this value the approxi-
mate equation (B2) agrees with the more exact equa-

tion (B5) within 2 percent over the range from ~= 1

to :=% The value f = 3.3 has bsen used in the

computations of the present paper,

. .
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DEFLECTION OF IllML JST IIVCLIIJI!JlTO STREAM

I@t ~ be the inclination of the thrust axis to
the general.flow, and let 8 be the inclination of the
jet center line at a distance x from the fictitious
point origin of the jet. It is raquired to detemnine

Z.AL, the fractional change In the dlreatlon of the
‘e

jet.

The momentum relatlons ‘for the components of the
thrust parallel to and perpendicular to the stresm are,
for small values of ~, .

. rR
T ‘P

J
O(V +.#u)u2WI?dr

o
.

=2~2,@[:%f + (92 12’1
.

(cl)

rR R
~T=P U(v + u}% ‘m? dr + p“fv%2m? dr

The first Integral of
.

aeT is the cross-wind momentum
of the mass flow in the jet; the seoond integral is the
cross-wind momentum of’the disturbed outside &ir com-
puted from the additional apparent mass of the jet. The
expression reduces to

.

aeT =
[ () ]

02WR2p@ 2-15t+2~Il~+ #212~ (C2)

Solving equations (Cl and .(G2~-s~ultarieously gives
L ......--A---

.. . . . . . .. -. . . .. . ... . .. .-. .—-- ... . .. .. .. . .. . .. . . . . . ... . . .
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‘e

In accordance with the main text put

&

4.

(Strictly speaking, tbe values of
In each expression.) men

K should be different

1
-:=

.
( 3):+12(02

2 + 211 + 6KT

(C3)

●
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SPECIFICATIONS

Twin wing ”jets
S, square feet . . . . .

-.
r: feet
x - x, (t:

d, f’e~t
bt, feet

2/c ● ●

z/c ● ●

d~dit

d~d5e

Ch@ha
Tc ? per
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Jet temperature minus stream temperature

Stream temperature T, ‘F abs . . . . .
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TABLE II

SHORT APPROXIMATE COMPUTATIONS FOR HOMERICAL EXAMPLE

~et dofl.otion negleot.d and Xj taken ma 4.6R~=.4—
~ettemperature neglootod ●xcept in stop 1~

43

Jot
(assumed) Cold Cold Cold Cold Remarks

step Given

PnemOtOr
,

1 cLO 0.5 1.0 1.0 2.0 Given

2 Tc 1 .08 .16 .16 .32 Oiven
3 ST=lixz .227 .455 .455 .909 L xatop2Xz
4 gc, .222 .420 .l@o .750 Fromfig. 5, by use of step .3 (curve

for T =

5
o)

en deg .73 1.38 1.38 2.46 Jot-induceddowri=a~hnnglo●taaction
ofhorlzont~ltailvertlc~ll~lbo~o
jet(atopkx~)

6 ribt .25 .25 .25 .25 r and bt given in table I

7 2d/bt .5 .5 .5 .5 d given in table I

8 7/6 .526 .526 .526 .526 From fig. 8 by use of steps 6 and 7

9 ?2# d~g .77 1.45 1.45 2.59 Moan jet-inducad downwash angle over
horizontal tail for two jets
(2 x step 5 x step 8)

10 AC .0231 .0435 .0435 .0777 Pitohlng-moment increment due to jet-
‘%ixed2 induced downwash; stick fixed

(

dcm
-~ x ●top 9

t )
11 Ac .0173 .0326 .0326 .0583

“free2
Pitching-moment increment due to jet-

inducod downwash; stick free

[(

dcm dCm Cha
——

- < - d6e Chb
)]

x 8t0p 9

12
“92

.0160 .0320 .0320 .0640 Pitohing-moment Increment due to
thrust-ula offset

+x; x step 2; ~ from table I

Maas/aec
)

13 .00470 .00654 .006s4 .00914
pVs

Maas flow through nac.lle at sea level;
hot jet; in coefficient form (given)

14 a, dog 3.7 10.3 -.3 13.0
15

Given

Ac%cz
.0006 .0024 -.0001 .oolJ2 Pitohing-moment increment due to

naoelle normal force, with wing
upwash negleoted

(4$ x step 13 x sin step 14)

16 AnPfixed .078 .073 .073 .068 Stlok-fixed neutral-point shift dua to

power [lope of curve of

(step 10 + step 12 + step 15)
against CLO]

17
‘~fraa

.068 ..064 .064 .061 Stick-free neutral-point shift due to

power [slope of curved

(atop 11 + step 12 + step 15)
~ainst CL

01

~.
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~“ TASIXI,*

DETAIIJ3DCOMFVTATIOYS FOR IOMERICAL XAKPM

Jot
(Ciwn ) Cold Cold Cold Cold Hot Rmarks

stop lap d9rl*c- ~ ~
fflvon

P9raet*r

1 CLO 0.5 1.0 1.0 2.0 2.0 (31VOII

2 ‘fO1 .(Y3 .16 .16 .32 .32 aivon

3 ‘P - 0 0 00 2.70 01r8n

4 UJP 4.15 6.13 6.13 8.87 17.5 RatiO Of OUtlOt 7010Clty =inU- str.im Valoclty to
=tr*a ~dOOit~ (rrOM •~~ti08 (12))

5 T o 0 0 0 .159 Ratio Of ●bsolut. tomporatura to valoolty

()
~

6 R~/~ .085 .060 .060 .ol+~ .043 R, and S given in tablo II To~ glwan in

●t*p2
7 h ~~ .096 .066 .066 .047 .043 wom fig. 3 with stop 6 umed aa abaoiaaa

8 Xl, rt 1.881.83 1.83 1.84 1.68 Di#tanoe upstroa rrom orifice of point origin br
●quiralont ideal jet

9 X, rt 9.88 9.83 9.83 9.84 9.68 Axial diatanco from origin of equivalent ideal
j-t to point under consideration; in this case,
tho hinga lina of horizontal tail

10 ~Te,/=2 .225 .455 4● 55 .909 .939 m= V/(●top 9)2

11 & .220 .I@o .I+20 .750 .722 From fig. 5, by uao of steps 5 and 10

.248 (o.240/~) x step 9

~ ;%., ~~6 :; ~ :~~ “24 ~,m
AWSIW Of CUrTO of 1 . .& botwoan Value* Or

givmn by mtepm 7 and 12, re~pec-

tivoly, minus Valua of 1 - & rOr ●tOp 7

14 a, deg 3.’7 10.3 -.3 13.0 13.0 aiven

15 %* dog 2.5 5.1 10.0 15.1 15.1 WinS downmash, .~t~ated
16 ao, dog 1.2 5.2 -10.3 -2.1 -2.1 Awragc inclination of flow rolativo to tho

initial diraotion of tho jet ula
(stop 14 - step 15)

17 Ar, rt -..o6 -.23 .45 .07 .07 Jet dofleotion at horizontal tail duo to inclina-

:i:o:”q “t’”M [-P - ‘,)x ‘top 13

57.3

18 r, rt 2.94 2.77 3.45 3.07 3.07 Dimension r (fig. 7) oorrectad for jet doflcc-
tion (3.00 + stop 17)

19 G, dog .74 1.49 1.20 2.40 2.27 Jet-indueod flow inclination at point of hori-
zontal tail rartically ●bovo jot

(
stop 9 x Q?.E&

stop 18)

20 r/bt .245 .231 .288 .256 .256 step 18/bt

21 2d/bt .5 .5 .5 .5 .5 d and bt giwen in table I

22 ?/6 .522 .502 .570 .533 .533 Fmm fig. 8 with the urn. of atepm 20 snd 21

23 72‘ de 8 .77 1.55 1.37 2.56 2.42 Mom jat-induoed downwaah over horizontal tail,
for two jets (2 x step 19 x stop 22)

.77 1.45 1.45 2.59 ------ Approxtiato vtiua from table II for comparison

FrOM this point the procedure of table II imfollowed.

HATIONAL ADVISORY
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Figure’ 1.- Notation for the velocity and temperature profiles in the jet. The base line for the

I
temperature profile is absolute zero. See also section entitled !lSymbols.l!
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Figure 2.- Velocity and temperature profiles for a round jet

in still air.

(a) ‘Experimental velocity profile adopted for the present

report. Replotted from reference 3 with rlR taken

as the value therein divided by 2.74.

(b) Experimental velocity profile of figure 20 of refer-

ence 4 fitted to curve (a) at + = 0.5.

(c) Theoretical cosine velocity profile Of reference 1.

(d) Experimental temperature profile of figure 20 of

reference 4 to same rlR scale as curve (b~.
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Figure 6.- Representative streamline pattern outside a jet of a jet-propelled airplane in flight. CA
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Figure 8.- Ratio of the effective ~ean”’downwash F induced-by
over the tail plane to the flow inclination e induced at a

the jet
radius r.
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Figure 9.- Experimental and estimated increments,.of pitching-moment coefficient due
to jet operation. Twin-jet fighter-type airplane, rated power at sea level.
Experimental data from unpublished full-scale wind-tunnel tests.
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(a) Tractor propeller; BF = 40°; rear propeller windmilli.n~

Figure 6.- Aerodynamic charaoteristlcs of the three-blade propeller
operating in conjunction with the wind.milling propeller.
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Figure 7.- Comparison of the aerodynamic characteristics of the three-bladepropeller
operating alone and In optimum combination with the locked orwindmil.ling propeller.
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